Background. A substantial part of low back pain (LBP) originates from degeneration of the intervertebral disc. To confirm the diagnosis of discogenic pain, provocation discography seems the best available tool. However, provocation discography is also considered to be a controversial and subjective test because the patient's personal pain response is the most crucial for the result of the test. Recently, an in vivo porcine study and a study in nine human subjects showed passing of pressure to the adjacent discs during discography. This could mean that the concordant pain the patient
Introduction
Low back pain (LBP) is a major cause of disability in modern society, with lifetime prevalence of up to 80%, that results in high medical and economic costs [1] . In most patients, a period of acute LBP will resolve spontaneously without any intervention. However, a substantial subgroup of patients experience sustained back pain [2, 3] . Although the exact cause of chronic LBP remains uncertain in the majority of patients, the most common pathway is believed to be degenerative lumbar disc disease [4, 5] . The intervertebral disc consists of a central gel-like structure called the nucleus pulposus (NP), which is surrounded by lamellar layers of collagen type I, the annulus fibrosus. The proteoglycans in the nucleus pulposus attract water, thus creating a hydrostatic pressure that allows motion while resisting load in the spine. Degenerative disc changes can already occur in the second life decade, with a breakdown of proteoglycans [6] , resulting in a loss of disc hydration [7] . In progressed degeneration, loss of disc height and annular fissures that extend from the NP to the outer innervated annulus can be observed [8] . It is believed that these annular fissures cause inflammation [9, 10] and, with neovascularization and neoinnervation via biochemically sensitized nociceptive nerve fibers, are the origin of so-called discogenic pain [11] [12] [13] .
Provocation discography is an invasive diagnostic test that is commonly used in clinical practice to determine whether a degenerative disc, as observed on plain radiographs or MRI, could be the primary cause of a patient's pain syndrome. By intradiscal injection of contrast dye, the pressure in the disc will increase [14] , which is believed to distend the torn annulus and excite nociceptors, thus causing pain [15] .
However, provocation discography is also a controversial test. On the one hand, there is evidence that discography could serve as a predictor of favorable outcome for surgery, although this evidence is conflicting [16, 17] . The reported diagnostic accuracy is regarded as moderate (according to GRADE) [18] for discogenic low back pain [19] [20] [21] [22] . There is evidence that discography might accelerate disc degeneration [23, 24] . This means that careful consideration of risks and benefits should take place before disc injections are performed.
For pain interventions, and even more so for pain intervention research projects regarding discogenic pain patients, it is important to use the best diagnostic tool available to establish the diagnosis of lumbar discogenic pain and to assess the best target point for the pain intervention. Signs and symptoms and additional tests like magnetic resonance imaging (MRI) and radiography are not conclusive in identifying the source of discogenic pain [25, 26] . Despite contradictory reports in literature [12, 27, 28] , provocation discography is considered by many pain physicians to be the gold standard [29] to affirm the diagnosis of discogenic pain and to assess the best target point for minimal pain interventions.
For standardization and reproducibility of discography, precise control of intradiscal pressure during injection of contrast fluid is essential because the degree of the patient's reported pain will depend on the magnitude of the provocation stimulus [14] . Recently, it was reported that during in vivo porcine discography there is a substantial pressure transmission to adjacent discs [30] . This study was repeated in nine human subjects, and similar results were reported [31] . This result would imply that concordant pain as experienced by the patient during injection could originate from a pressure increase in an adjacent potentially painful disc (APPD). If so, this would constitute a specificity problem in clinical discography and in interventional pain medicine, and this could potentially lead to the treatment of the wrong disk. However, the abovementioned Hebelka study in nine human subjects was performed with maximum intradiscal pressures up to 80 psi. Several discs showed a pressure of higher than 50 psi above opening pressure, whereas in current pain practice pressurecontrolled discography should be performed with pressures of 50 psi or lower above opening pressure (a.o.p.) [12, 32] . Our study did not exceed 50 psi peak pressure, mean was 31.1 psi (SD ¼ 10.5), and this is considerably lower compared with the Hebelka study.
Therefore, the objective of this study was to assess whether in human subjects with discogenic pain intradiscal pressure in adjacent levels is increased when pressure-controlled provocation lumbar discography is performed according to clinical practice assessing the control disc first with maximum intradiscal pressures of 50 psi a.o.p.
Methods

Patient Selection
Eligible for this study were patients (between age 18 and 65 years) with axial low back pain, presumably originating from the lumbar disc(s), who had received conservative treatment for at least six months and had a negative result on medial branch block(s) of the lumbar facet joints, and with degenerative findings, that is, reduced disc height and Pfirrmann grading 2 to 4 [33] on recent (less than six months) plain radiographs and MRI of the lumbar spine. The height of a suspect disc should be at least 50% as compared with adjacent control levels [34] . Only patients with presumed discogenic pain emanating from L3-L4, L4-L5, and L5-S1 were included in this study. Exclusion criteria were radicular symptoms, disc height lower than 50%, local infection, pregnancy, allergy to iodinated contrast agents, known increased tendency to hemorrhage or use of anticoagulants, patients with evidence of vertebral compression fractures, segmental instability, and scoliosis, and prior lumbar surgery of the suspect level. Eligible patients provided informed consent for this study and were scheduled for pressure-controlled provocation discography. This study was approved by the Institutional Review Board of the Rijnstate Hospital in Arnhem, the Netherlands (No. 855-070512).
Discography Protocol
In an outpatient operating room under anesthetic monitoring and sterile conditions, controlled provocation discography (CPD) was performed. All discographies were performed by JWK, a specialized pain physician with over 15 years of experience in pain interventions [35, 36] . All patients received prophylactic antibiotics 2 g Cephazoline i.v. 30 minutes before the procedure. By using a double needle technique (Neurotherm Discography Kit) and fluoroscopy, a 22 g x 3.5 00 introducer needle was introduced to the rim of the disc, and subsequently an inner 25 g x 6.0 00 Chiba needle was inserted through the introducer needle to enter the nucleus pulposus in the center of the intervertebral disc [35, 37] . The double needle technique is considered to reduce the incidence of postdiscography discitis because in this way skin tissue is not introduced into the disc, and additionally, by inserting needles of a very small diameter, the risk of iatrogenic disc degeneration will be diminished [23, 38] . Next, the discography needle was connected to a pressure-controlled discography device (CDS) (NeuroTherm, Wilmington, MA, USA). The CDS was calibrated for needle length (20 cm), needle gauge (25 g), contrast dye (Iohexol-Omnipaque 300; GE Healthcare, Princeton, NJ, USA), and fluid velocity. Under continuous fluoroscopic control, Iohexol, a lowosmolar, nonionic iodinated contrast agent, was injected into nucleus pulposus of the disc.
The controlled injection velocities were 0.02 mL/s and 0.05 mL/s, respectively, representing a low and high injection velocity, in order to study the potential influence of injection speed on recorded intradiscal pressures [14] . Thus, 25 of the patients were injected with low velocity (0.02 mL/s), and the other 25 patients with high velocity (0.05 mL/s).
Patient's pain was noted as rated on a numeric rating scale (NRS; 0-10). The moment the contrast dye first entered the nucleus pulposis as visualized on fluoroscopy, pressure was recorded as the opening pressure (OP). Maximum pressure above OP was recorded as peak pressure (PP). The CDS took care that the maximum accepted pressure was 50 psi a.o.p. [12] and the maximum volume of injection was 3 mL. The moment the patient experienced pain, pain pressure and volume level were recorded.
According to the IASP/ISIS criteria [39] , the operational criteria for discogenic pain during discography are defined as 1) stimulation of target disc reproduces pain concordant to the usually felt severe pain, 2) the intensity of this pain has a numeric rating scale score of at least 7 on a scale from 0 to 10, or 70% of the maximum spontaneous pain, 3) the pain is reproduces by a pressure of less than 50 psi above opening pressure [32] , and 4) stimulation of at least one of the adjacent discs is not painful. Apart from the IASP criteria, we maintained the criterion that the provoked, and concordant, pain during discography should be more than the baseline pain.
The degree of degeneration of the tested disc was classified according to the Modified Dallas Discogram Score [34] .
Adjacent Disc Pressure Assessment
Per usual clinical practice during provocation discography, the discs adjacent to the suspect disc(s) were first assessed for discogenic pain. For assessment of the intradiscal pressure, the discography needle(s) were placed in the adjacent level(s) and were connected to an arterial blood pressure monitoring system (Codan critical care) flushed with saline ( Figure 1 ). Before connection, calibration, establishment of the zero value, and leveling to the right atrium took place [40] . During discography, a trained nurse practitioner recorded the changes in pressure, registered in mmHg (1 psi ¼ 51.7149326 mmHg), that were visible on the anesthesia monitor (anesthesia system: Drager Zeus).
This procedure was first tested to assess if the pressure rise with the CDS would correlate with the pressure rise with the other system by placing two needles in one disc. One needle was then connected to the CDS, and the other needle was connected to the arterial pressure monitoring system. During the provocation discography, a corresponding pressure rise could be seen between the two systems.
During the procedure in 50 patients, the suspect disc(s) and one or two adjacent discs were assessed. Figure 2 . If the L4-L5 disc was suspect, provocation discography was performed at L4-L5, and the levels L3-L4 and L5-S1 were adjacent disc pressure tested. In case L5-S1 was suspect, levels L4-L5 (CDP) and L5-S1 (PD) were assessed. After the CDP test procedure was performed, discography of the adjacent levels followed to verify whether these were symptomatic.
Discography Parameters
The opening pressure is the pressure above baseline (zero) when the first contrast dye appears in the disc. Peak pressure is the maximum pressure above opening pressure; it is either the moment the patient reports concordant pain with an intensity of 7 or higher out of 10 on 11-box NRS or it is the pressure that is reached after injection of the maximum volume of contrast dye (3 mL) in a nonpositive discogram [39] . The build-up intradiscal pressure is defined as pressure increase (PI), that is, the difference between opening pressure and peak pressure.
Statistics
Descriptive statistics were used to record findings of the tests in the target discs and in the adjacent discs. Relations between parameters found during provocation discography and the degree of disc degeneration, injection velocities, and positive discographies were analyzed by one-tailed Spearman's rho.
Disc Pressure Transfer During Discography
Results
From June 2011 to May 2012, 182 consecutive patients were assessed for eligibility, and 50 patients who fulfilled the inclusion criteria were asked to participate in this study. Due to the strict inclusion criteria of sufficient disc height, all disc centers could be reached by the needles, so all discography procedures were technically successful. The demographic and clinical features of the 50 included patients are listed in Table 1 . Average age was 44 years, 32 patients were male, and 18 patients were female. Figure 3 shows the typical curve registered during provocation discography. With the start of instillation of contrast dye in the disc through the CDS machine, there is build-up of pressure until the first contrast dye appears in the disc (OP). At this moment, the is a short drop of pressure seen, which will start building up again after a few seconds. This pressure build-up continues until pain intensity of 7 or higher out of 10 on NRS is achieved, peak pressure is reached, or the maximum volume (3 mL) to be instilled is reached.
Adjacent Disc Pressure Assessment
We found in two out of 50 patients a pressure rise in the adjacent disc(s) ( Table 1 ). This pressure rise was in patient number 7 in adjacent discs 20 mmHG (0.35 psi) and in patient number 33, 60 mmHg (1.1 psi). The findings in these two patients were not related to higher opening pressure, peak pressure, pain provocation pressure, or more severe disc degeneration. Two groups are shown: high velocity (0.05 mL/s) and low velocity (0.02 mL/s). Maximum instilled volume was 3 mL; infusion was stopped when peak pressure exceeded 50 psi above opening pressure. Discography level depicts the level that is provoked. The pressures and pressure differences measured in the adjacent discs are recorded. Pressures measured were opening pressure (OP), peak pressure (PP), and pressure increase (the difference between OP and PP) ADP ¼ adjacent disc pressure; CPL 
Discography Parameters
In all patients, the mean intradiscal pressure increase during provocation discography was 16.8 psi (SD ¼ 10.4). In patients with a positive discography, PI was 15.1 psi (SD ¼ 11.1), and in patients with a negative discography PI was 18.3 psi (SD ¼ 9.9).
To assess potential correlations between degeneration and discography parameters, the Modified Dallas grading was dichotomized between less degenerated discs (grade 1 and 2) and more severe degeneration (grade 3 to 5) [41] .
Intradiscal pressure increase was shown to be related to the degree of disc degeneration. In patients with lowgrade degenerated discs (i.e., Modified Dallas 1 and 2), the build-up intradiscal pressure (PI) was on average higher (Spearman's correlation coefficient -0.32, P ¼ 0.01) (see Figure 4) . There was no correlation between OP, PP, or instilled volume until peak pressure and degree of disc degeneration; Spearman's correlation coefficient showed, respectively, -0.044 (P ¼ 0.77), -0.251, (P ¼ 0.08), and 0.07 (P ¼ 0.30).
Peak pressure during discography was significantly (P ¼ 0.04) correlated to the injection speed: At low velocity (0.02 mL/s), the mean PP was 27.8 (SD ¼ 12.8), and at high velocity (0.05 mL/s) the mean PP was 34.4 (SD ¼ 13.0). PI and OP showed no significant correlation to velocity (P ¼ 0.12 and P ¼ 0.15, respectively). There was no correlation between injection speed and the amount of positive or negative discographies (P ¼ 0.4) However, the maximum level (PP) of 50 psi was reached in 28% of discographies performed with an injection speed of 0.05/s and only in 12% of cases that were assessed with 0.02/s (P ¼ 0.08).
Discussion
The main finding of the present study was that in human in vivo provocation lumbar discography using a pressure-controlled low-speed technique, the intradiscal pressure at adjacent levels is not elevated. This makes the probability of a false-positive discogram because of pain in an adjacent level as caused by transmission of increased pressure in human subjects unlikely.
Hebelka et al. [30] performed discography using highspeed injection (0.07 mL/s) and low-speed injection (0.03 mL/s) in 36 lumbar discs of nine adolescent pigs under general anesthesia. During contrast injection in one of the discs at pressures up to 8 bar (116 psi), intradiscal pressure was measured in the two adjacent discs using a fiber-optic pressure transducer. Thus, transmitted pressure could be recorded both in noninjected discs and in discs that had been prefilled with contrast. They showed that in these porcine discs, with this set up, during contrast injection, there was an intradiscal pressure rise in the adjacent discs with a mean value of 16% (3.2-37%) over baseline pressure (2-13 psi). These results were confirmed [42] in a study of in vivo discography in a porcine model of degenerate discs in which an average pressure increase of 11% (mean ¼ 3.2 psi, range ¼ 1.7-8.2, SD ¼ 1.8) above baseline in most adjacent discs during the procedure was found. A study in nine human subjects showed similar results [31] . However, in this human study, the authors used maximum pressures of 80 or lower psi absolute pressure, resulting in several discs with much higher pressure build-up than advised in guidelines (max 50 psi above opening pressure) [39] .
The present study was undertaken to verify whether an identical rise in pressure at the adjacent level is present in provocation discography in human subjects using the advised maximum PP of 50 psi a.o.p. Our results for relatively high-speed injection (0.05 mL/s), as well as for low-speed injection (0.02 mL/s), showed no pressure rise in the adjacent discs. The pressure in the adjacent discs was measured in mmHg. There were two patients with a pressure rise of 20 and 60 mmHg, respectively, which is equal to 0.25 and 1.1 psi. As the lowest pain pressure was above 8 psi, we considered this pressure rise of 1.1 psi clinically not relevant and concluded that it is not likely that provocation discography in human subjects with pressure-controlled high-and low-speed injection induces a pressure rise in the adjacent discs.
These results differ substantially from the aforementioned findings in porcine discs, where discography induced pressure increase in adjacent discs [31, 42] . Figure 3 Relative pressure volume curve. The pressure rises after the start of the discography parallel with the volume of contrast dye. The opening pressure (OP), depicted by the first vertical line, captures the moment the first contrast dye appears in the disc (visible on fluoroscopy). Shortly after the OP, there is a short drop in the pressure because of the fact that the contrast dye can now flow throughout the disc. After this initial drop, pressure builds up again until the maximum pressure allowed is reached (50 psi above opening pressure), the maximum volume instilled (3 mL of contrast dye), or pain provoked pressure is reached. The pain provocation level is depicted by the second vertical line. At this point, the procedure is stopped, no more fluid is instilled, and the pressure drops gradually.
Possible reasons for the conflicting findings could be that in those studies the pigs were under general anesthesia, intubated, and placed on a respirator. Respiration machines and general anesthesia are known to influence intradiscal pressure [43, 44] : respiration machines by their impact on the venous system, and general anesthesia due to muscle relaxation.
Another possible explanation of the fact that no pressure rise was found in adjacent discs in our study of human subjects could be the difference in accepted pressures during discography between the aforementioned studies and our study. The average and peak pressures measured in the porcine study of Hebelka et al. [30] were much higher than the pressures induced in our study; pressures in the porcine disc test were measured of up to 129 psi, whereas in our study peak pressures higher than 50 psi a.o.p. were not accepted as we adhered to the International Spine Intervention Society(ISIS) and the International Association for the Study of Pain(IASP) criteria [39] . Moreover, those high pressures would probably be too painful for awake human subjects. An explanation for the difference in our findings with the abovementioned human study [31] could be that, in contrast to our study, adjacent pressure differences were measured in prefilled (suspect) discs. This could make the adjacent (suspect) disc more sensitive to further rise in pressure.
In the current setting for adjacent disc pressure measurements, we only use reference discs that are not used for discography and therefore are not prefilled.
Correlations between disc degeneration and provocation discography parameters were additionally evaluated in this study. Less degenerated discs showed on average a higher build-up pressure during provocation discography. This finding is in line with a study of Panjabi et al., who also found that intrinsic disc pressure decreases with increased disc degeneration [41] .
Lumbar provocation discography is considered by many clinicians as the gold standard to determine discogenic low back pain and is mainly used in pain management to define the indication and precise location for minimally invasive treatment [45, 46] . The test itself is controversial because of its variable diagnostic accuracy, with substantial false-positive rates in asymptomatic subjects. Furthermore, the reliability of this test depends on the patient's subjective pain response as well as on the experience and technical expertise of the physician performing the procedure [46] .
Manual injections are not standardized and generally cause high intradiscal pressure peaks, which has been suggested as a possible reason for the high number of false-positive findings [32] . The introduction of pressure-controlled discography has been reported to reduce the rate of false-positive discs down to only 0.06 when using low pressure criteria (i.e., less than 15 psi above the opening pressure when the injected contrast dye first overcomes the internal osmotic disc pressure as visualized on fluoroscopy) [22, 47] . Automated discography devices equipped with syringe pumps that control injection speed of contrast fluid, and simultaneously display a dynamic peak pressure, could be helpful in further reducing false positives in lumbar discography.
This study found a positive correlation between injection speed and peak pressure. It has been reported that high injection speed, high viscosity, a small diameter of the needle, and the use of a long needle all increase recorded dynamic pressure in the disc [14, 48] . An in vitro evaluation of injection speed, sensor location, and tube length demonstrated that discography can better be performed with low injection speed (<0.01 mL/s), to minimize overpressure, using an extrasyringeal sensor [37] . To minimize differences among physicians performing provocation discography and to reduce falsepositive findings, standardization of injection speed, viscosity of the injected material, and diameter and length of the needle is recommended. Therefore, discography has developed in recent years from a manually performed test into a completely standardized low-speed, pressure-controlled technique [14] by using an automated discography system (CDS) that calibrates for needle gauge, needle length, and contrast dye and has a controlled injection speed with exact registration of opening pressure and peak pressure, not allowing pressures of more than 50 psi above opening pressure (ISIS/IASP criteria) [39] . Over the last years, the injection speed has been reduced more and more: Fluid injection of 0.01 mL/s reduces the difference between postsyringeal pressure and intradiscal pressure to a minimum [37] . In this way, the specificity of discography improves [49] . However, due to limitations of the CDS device, for this study 0.02 mL/s was used as low-velocity assessment.
A limitation of the current study is the fact that during discography the baseline intradiscal pressures of the adjacent discs were not assessed. The intradiscal pressure in adjacent discs was measured indirectly by the Codan pressure monitoring system, which uses baseline zero leveling. However, changes in pressure, even the smallest, if present, are very well detected by this technique [40] .
One of the strengths of this study is that it was performed in real low back pain patients, thus reflecting daily clinical practice, and that it can be repeated in virtually any clinical discography setting. Another strength is the number of procedures, 50 suspect discs with adjacent control discs, performed by one experienced discographer using low-speed, pressure-controlled discography.
Conclusions
In the present low back pain study population, lowpressure provocation discography did not induce a pressure rise in adjacent discs in patients with discogenic low back pain. Therefore, it is not likely that specificity of low-pressure provocation lumbar discography is limited by a pressure transfer phenomenon to adjacent discs in humans when discography is performed according to the guidelines. Furthermore, this study showed that PPs reached during discography were significantly lower, with a low injection speed of 0.02 mL/s compared with a higher velocity of 0.05 mL/s.
